Using a CCD-based speckle contrast detection scheme of ultrasound-modulated optical tomography (UOT), we show the feasibility of imaging objects having different optical scattering coefficients relative to the surrounding scattering medium. Our results show that the spatial resolution depends on the ultrasound parameters and the image contrast depends on the difference in scattering coefficient between the object and the surrounding medium. Experimental measurements are in agreement with Monte Carlo simulations and analytical calculations. This study complements previous UOT experiments that demonstrated optical absorption contrast. It also demonstrates that UOT complements photoacoustic tomography, which is sensitive to optical absorption contrast.
INTRODUCTION

Motivation
In recent years optical imaging modalities made significant advances toward clinical applications. Optical absorption and optical scattering of visible and near infrared wavelengths in soft biological tissues are related to tissue biochemical composition and morphology. Thus, optical imaging modalities are capable of providing functional, structural and molecular information about the tissue [1] [2] [3] [4] The microscopic origin of the light absorption in tissue can be attributed to certain biomolecules (chromophores) -hemoglobin, melanin, water and fat among others -that have strong and differential absorption at different visible and near infrared wavelengths. On the other hand, the microscopic origin of light scattering in tissue is a result of complex manifestation of optical refractive index variations that are due to the various cellular structures and organelles and encodes morphologic and pathophysiologic changes in tissue. Variations in scattering coefficient provide information about the diseased tissue and measurement of fast changes in scattering coeficient are comfirmed to be associated with neuronal activity [4] [5] [6] [7] . Thus it is important to map both the optical absorption coefficient as well as scattering coefficient to get a comprehensive view of optical properties of the tissue.
However, it remains a challenge to provide optical scattering contrast in deep tissue regime (beyond the depth of few optical transport mean free paths) with high spatial resolution. Very few optical imaging modalities, like diffuse optical tomography (DOT), photoacoustic tomography (PAT), and ultrasound-modulated optical tomography (UOT), are used in non-ballistic regime. DOT implements a numerical forward model to calculate the spatial distribution of the optical absorption and scattering coefficient inside the tissue from the acquired fluence data 2 . However, DOT often takes the help of magnetic resonance imaging 8 or reconstructive ultrasound tomography 9 to obtain better spatial resolution. PAT and UOT are ultrasound mediated imaging modalities that provide optical contrast and resolution that is scalable with ultrasound parameters. They are succesfully implemented for both shallow (several hundred microns) as well as deep (several centimeters) soft biological tissue imaging. 10 The photoacoustic signal generation in PAT, however, is mostly sensitive to light absorption and it is not used at present for differentiation of objects with different In this Proceedings article, we demonstrate feasibility of imaging optical scattering contrast in deep tissue regime using UOT. In our experiments we use intense acoustic bursts to enhance UOT signals, and CCD based speckle contrast technique for detection. We obtain one dimensional images of several objects with reduced scattering coefficient (µ s´) that is both higher and lower than µ s´ of the background of tissue phantom. We calculate image contrast and spatial resolution of scattering objects from these images. We support our experimental results with analytical results and Monte Carlo (MC) simulations and show that the, ratio of ultrasound-modulated light to non-modulated light, modulation depth (MD), decreases with increase in optical reduced scattering coefficient s .
The principle of ultrasound-modulated optical tomography (UOT)
In UOT, focused ultrasound wave encodes both ballistic and diffuse photons passing through the ultrasonic column and the ultrasound-modulated light is measured using a variety of detection schemes. [10] [11] [12] [13] [14] [15] The intensity of ultrasound-modulated light is related to the optical properties of the tissue in the interaction region of the ultrasonic and electromagnetic waves. The physical mechanism of the modulation can be attributed to ultrasound induced displacements of optical scatterers, and ultrasound induced changes in the optical index of refraction. Figure 1 shows schematic experimental setup of CCD based speckle contrast detection technique used in our experiments. The collimated laser light (Coherent, Verdi; (wavelength) = 532 nm) from 600 micron multimode fiber illuminates tissue-mimicking phantom along the X-axis (optical axis). A focused ultrasound transducer (Ultran, VHP100-1-138; 1 MHz central frequency, 25.4 mm lens diameter, 38 mm focal length, 2 mm focal zone width, 20 mm focal zone length and 1.5MPa peak pressure at the focus) insonifies the tissue phantom (scattering medium) through water along the Z axis (ultrasonic axis). In our experiments light beam is perpendicular to ultrasound beam, to maximize acousto-optic interaction volume, and is aligned to propagate through the focus of the ultrasound beam in an otherwise optically scattering free sample. Intense acoustic bursts are used to obtain UOT images with good signal-to-noise ratios (SNR) [19] [20] . These acoustic bursts carry 1MHz sinusoidal frequency signals with burst duration of 2ms, and were synthesized by function generator (Agilent, 33250A). These bursts were amplified by an RF amplifier (ENI, Inc., 325LA) and subsequently used to drive the ultrasound transducer. The average laser intensity delivered to the sample along the X-axis, where the origin coincides with the point of incidence of the laser beam on the scattering slab, during the propagation of ultrasonic burst in the medium is 12 mW/cm 2 , which is within the ANSI safety limits. The sample was mounted on a three-axis translational stage. The ultrasound transducer and part of the sample were immersed in water for acoustic coupling. The burst initiation by function generator triggers a pulse-delay generator (Stanford Research, DG535) that produces two CCD (Basler, A312f; 12-bit, 640_480 pixels) trigger pulses per second, separated by 500 ms, for each burst. The exposure time of the CCD camera was set to 2 ms, which is sufficient to obtain satisfactory SNR in a single CCD acquisition. The length of the lens tube (L) and the size of the iris (D i ) that is mounted on the CCD camera are adjusted such that average speckle size ( L/D i ) is matched to the pixel size of CCD camera. In response to the first trigger pulse, the CCD camera captures one ultrasound burst-synchronized laser speckle image. In response to the second trigger pulse, the CCD camera captures another speckle image without ultrasound burst. The speckle contrast is defined as the ratio, The contrast of the transmitted speckle pattern formed by the multiple scattered light through the scattering medium decreases in the presence of ultrasound. The speckle contrast change (SCC) between these two speckle images is approximately proportional to the intensity of the ultrasound-modulated light 13, 19 . At each position of the ultrasonic ' transducer, six measurements of SSC are averaged. By scanning the ultrasonic beam across the tissue phantom, we form an SCC image of optical inhomogeneities inside the medium at ultrasonic resolution. 
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EXPERIMENT
Experimental setup: CCD based speckle contrast detection technique of UOT
Phantom preparation
In order to investigate optical properties of tissue phantoms we prepare optical phantoms which are transparent enough to ultrasound. The background tissue phantoms and scattering objects were made from gelatin, water and intralipid (20% Liposyn II, Intravenous Fat Emulsion Hospira, Inc.). As shown in Figure 2 , the tissue phantom is an optically scattering slab 10 cm wide in the Y (sample scanning axis) and the Z (ultrasonic axis) direction, with a thickness of 2 cm along the X direction (optical axis). as a gold standard for comparing the contrast, resolution and sensitivity when imaging optical scattering objects. The optical properties were measured by an oblique incidence reflectometer 21 for 532 nm wavelength. Several tissue phantoms are prepared by embedding different scattering objects and absorbing object inside the scattering slab at x = 1 cm depth, where origin coincides with the point of incidence of the optical pencil beam to the scattering slab. Figure 3 shows normalized values of measured 1D speckle contrast change (SCC) image (solid line) and total optical intensity (DC) image (dashed line) of one absorbing object ( Horizontal axis represents scanning distance along the Y axis. The local decrease in SCC (45 %) when the ultrasound is focused at the site of the absorbing object represents the decrease in detected modulated optical intensity due to strong absorption of light by the object. In contrast, when ultrasound is at the site of the transparent object there is significant increase (5 %) in the detected modulated optical fluence, compared to the background modulated optical fluence. Since the transparent object and the background have same a this increase in the modulated optical fluence at the site of the transparent object can be attributed to lower s of the transparent object relative to that of the background.
RESULTS AND DISCUSSIONS
One dimensional images of optical absorption and scattering objects
However, when the ultrasound is localized at the site of scattering object, SCC decreases about 15% compared to the background. Relative distance Y Immi object relative to the background medium) when the ultrasound is focused at the site of scattering objects represents the decrease in the detected modulated optical fluence relative to the background medium. Figures 3 and 4 show the ultrasound-modulated light is more sensitive to the scattering objects than the non-modulated transmitted light. Table 1 shows the normalized contrast change of five optically scattering objects with s of 30 cm -1 , 18 cm -1 , 10 cm -1 , 5 cm -1 and 0.5 cm -1 , respectively, obtained from experiments and Monte Carlo (MC) simulations. We used Monte Carlo algorithm that can provide power spectrum density of ultrasound-modulated multiply scattered light when a focused ultrasound field is present in an optically scattering medium with a heterogeneous distribution of optical parameters 22 . The physical parameters of ultrasound and light source, and dimensions and optical properties of the tissue phantom and the scattering objects are matching respective parameters in our experiments. [cm]
Image contrast as a function of reduced scattering coefficient
s of the object with respect to the background medium. We have a good agreement between measurements and MC results, although the ultrasound pressure amplitude exceeds the limits where the theoretical model for the MC algorithm is valid.
Analytical explanation
Our experimental and simulation results, summarized in the Table 1 , that show decrease in image contrast with increase in reduced scattering coefficient can be explained analytically. The speckle contrast change (SCC) between ultrasonic burst on-period and ultrasonic burst off-period is approximately proportional to modulation depth (M) 13, 19 , and under isotropic and weak scattering approximation is given by 
The average path length s within the ultrasound field for a given geometry can be given by 0 ( ) s sp s ds and for a 1MHz ultrasound frequency is more than the focal beam width of 2.3mm. Figure 5 shows plot of individual C-terms as well as combined C-terms as a function of reduced scattering coefficient while ultrasound 
CONCLUSIONS
In summary, this study has demonstrated imaging different optical properties of the tissue phantom (absorbing and scattering properties) using ultrasound modulated optical tomography. Similar to the case of imaging absorbing objects where the image contrast depends on a , our results show that image contrast of optically scattering objects depends on s . The spatial resolution, for both absorption and scattering objects, depends on ultrasound parameters and is scalable with ultrasound parameters. Our results also show that ultrasound-modulated light is more sensitive to local optical properties of the medium than non-modulated transmitted light. This study might be compatible with other imaging modalities, like photoacoustic tomography, in reconstructing optical properties of biological tissue.
